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SUMMARY 

One method proposed f o r  completing t h e  te rmina l  phase of space rendezvous i s  
t o  place t h e  f e r r y  vehic le  on a c o l l i s i o n  course with t h e  space s t a t i o n  and then 
hold t h e  course while reducing the  range and range r a t e  t o  zero.  The course can 
be achieved by a r r e s t i n g  t h e  r o t a t i o n  of t he  l i n e  .of s igh t  t o  t h e  s t a t ion .  This 
t racking  t a s k  has been simulated previously,  both v i s u a l l y  and with pe r fec t  radar  
assumed i n  the  cockpit  instrumentation. The s e r i e s  of t e s t s  described i n  t h e  
present  paper was made t o  determine t h e  p i l o t ' s  a b i l i t y  t o  complete t h e  rendez- 
vous nihneuver i n  t h e  presence of d i sp lay  noise .  

The output of a random-noise generator  w a s  i n s e r t e d  i n t o  t h e  instrument d is -  
play t o  introduce an e r r o r  s igna l  similar t o  t h a t  which could be expected from a 
radar system. Runs were made f i r s t  with pe r fec t  instruments and then with t h e  
noise  e r r o r  introduced i n t o  the  da ta  displays.  

Resul ts  show an increase  i n  f u e l  consumption and t i m e  needed t o  complete t h e  
mission, and a decrease i n  p i l o t  assurance,  with t h e  noise  e r r o r  i n  t h e  in s t ru -  
ment. P i l o t  p rof ic iency  increased with an increase  i n  t h e  accuracy of t h e  ais- 
p k y  instruments and decreased with an increase  i n  t h e  amplitude of t h e  e r r o r  
s ignal  . 

INTRODUCTION 

It has been shown i n  reference 1 t h a t  a p i l o t  can successfu l ly  e f f e c t  rendez- 
vous by using simple o p t i c a l  devices and manual procedures. Previous simulations 
with the  assumption of noise-free instrument d isp lays  from "perfect"  radar and 
aux i l i a ry  e l ec t ron ic  systems have a l s o  shown t h a t  t h e  p i l o t  can perform s a t i s f a c -  
t o ry  rendezvous operat ions ( r e f .  2 ) .  The procedures involved i n  using such equip- 
ment a re ,  i n  f a c t ,  less complicated than the  visual-manual procedures. The use 
of pe r fec t  instrumentation would reduce t h e  p i l o t ' s  workload, but  t h e  v i s u a l  meth- 
ods would s t i l l  remain ava i l ab le  as backup i n  case of equipment f a i l u r e .  
a b k i n s t r u m e n t a t i o n  i s  not pe r f ec t ,  however, and it i s  des i r ab le  t o  know how 
imperfections such as radar  noise  a f f e c t  t h e  p i l o t ' s  cont ro l  capab i l i t y .  

Avail- 



Radar ranging systems can be used t o  obtain range, range rate, t h e  angles 
between the  l i n e  of s i g h t  and a se t  of f ixed axes i n  t h e  space s t a t ion ,  and t h e  
r a t e  of change of t h e  l ine-of-s ight  angles.  The inherent  radar  e r r o r  i n  any of 
these measurements could have been invest igated,  bu t  t h e  e r r o r  i n  the  l ine-of- 
s i g h t  angle r a t e s  w a s  chosen because (1) the  performance of t he  e n t i r e  rendez- 
vous maneuver depends upon the  use of these d a t a  i n  achieving an e a r l y  intercep- 
t i o n  course, ( 2 )  a t  t h e  start  of t h e  maneuver, when it i s  necessary t o  ob ta in  
the  course as soon as possible,  t h e  angular rates are very s m a l l ,  and ( 3 )  t h e  
s m a l l  rate s i g n a l  causes a l a r g e  noise-to-signal r a t i o ,  making the  noise par t icu-  
l a r l y  apparent on t h e  s e n s i t i v e  cockpit  instrument. 

The radar  noise w a s  simulated by a random noise generator whose output w a s  
combined with t h e  l ine-of-s ight  angle s igna l .  The combined q u a n t i t i e s  were then 
d i f f e r e n t i a t e d  and f ed  from the  computer t o  t h e  angular-rate  d i sp l ay  meter i n  t h e  
cockpit .  All o the r  instruments were assumed t o  be pe r fec t .  

This s e r i e s  of t e s t s  w a s  designed t o  be a b r i e f  exploratory inves t iga t ion  t o  
determine whether p i l o t  performance w a s  impaired and, i f  so, t o  what ex ten t .  The 
noise w a s  placed a t  a r a t h e r  severe l e v e l  t o  show t h e  e f f e c t s  i n  an  extreme case.  
Though an e f f o r t  w a s  made t o  c o r r e l a t e  t h e  noise  l e v e l  and spectrum with ava i l -  
able radar data, these data do not  represent  t he  cu r ren t  state of t he  ar t .  

SYMBOLS 

The English system of' u n i t s  i s  used i n  t h i s  study. I n  case conversion to 
metric un i t s  i s  desired,  t h e  following r e l a t ionsh ips  apply: 1 i n t e r n a t i o n a l  f o o t  
= 0.3048 meter, and 1 i n t e r n a t i o n a l  n a u t i c a l  m i l e  = 1,852 meters. 

R 

force along t h e  X and Y body axes, respect ively,  g units 

range, d i s t ance  along l i n e  of s i g h t  from space s t a t i o n  t o  f e r ry ,  
i n t e r n a t i o n a l  n a u t i c a l  miles o r  i n t e r n a t i o n a l  fee t  

S va r i ab le  i n  Laplacian form 

t t i m e ,  see 

x, y, z p r i n c i p a l  body axes of f e r r y  vehicle  

X i ,  Y i  7 Zi i n e r t i a l  axes referred t o  space s t a t i o n  

X i , Y i ,  Z i  coordinates along Xi-, Yi-, and Zi-axis 

a 

2 

angle subtended by l i n e  of s i g h t  between space s t a t i o n  and f e r r y  
vehicle  and p ro jec t ion  of l i n e  of s i g h t  i n  XiYi-plane, deg 

angle between Xi-axis and p ro jec t ion  of l i n e  of s i g h t  i n  
XiYi-plane, deg 
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Subscr ip ts  : 

R radar  

G noise  generator 

A dot over a quant i ty  denotes t h e  

au tocor re l a t ion  func t ion ,  vo l t s*  

rms value of noise ,  v o l t s  

time constant  obtained i n  feedback system, sec 

power s p e c t r a l  dens i ty ,  vol ts2-sec 

r o l l ,  p i t c h ,  and yaw angles ,  respec t ive ly ,  deg 

frequency, radians/sec 

i r s t  der iva t ive  with respec t  t o  time. 

EQUIPMENT 

Cockpit Display 

The same equipment and procedures were used i n  both t h e  noise  and no-noise 
t e s t s .  The s imulator  cons is ted  of a fixed-base cockpi t ,  instrument panel ,  rudder 
t r ead le s ,  side-arm con t ro l l e r ,  and on-off t h r u s t  but tons.  The cockpit  and i n s t r u -  
ment panel  are shown i n  f i g u r e s  1 and 2. 

Line-of-sight angles a and p were presented on separate  meters. R o l l  
and p i t c h  displacements 6 and 0 were shown on a two-axis e igh t -ba l l ,  while 
yaw angle  Jr  w a s  on thf :  same type of instrument as a and p .  Line-of-sight 
angular rates (& and p) were presented on t h e  double-needle meter a t - t h e  top  of 
the  instrument panel.  The & needle w a s  hinged a t  the l e f t  and the j3 needle 
a t  t h e  top. I n i t i a l l y ,  f u l l - s c a l e  de f l ec t ion  of e i t h e r  needle ind ica ted  a r a t e  
of 1.5 mi l l i rad ians /sec ;  however, t h e  s e n s i t i v i t y  w a s  decreased a t  c lose  ranges 
t o  one-tenth i t s  o r i g i n a l  value.  
rate i s  inverse ly  propor t iona l  t o  range, and a t  c lose  ranges s igna l s  could over- 
d r ive  t h e  meter i f  s e n s i t i v i t y  were not reduced. 

This w a s  necessary because the  l ine-of -s ight  

Computer Program 

A set of i n e r t i a l  axes,  with t h e  o r i g i n  a t  t h e  center  of t h e  e a r t h  and with 
t h e  space s t a t i o n  o r b i t i n g  i n  t h e  XiZi-plane, w a s  assumed. 
t o  be a c t i n g  on t h e  f e r r y  were t h r u s t  i n  both d i r ec t ions  along t h e  long i tud ina l  
( X )  and lateral  (Y)  body axes, and gravi ty .  I n  order  t o  present  t h e  da ta  t o  t h e  
p i l o t  i n  a usable  form, it w a s  necessary t o  convert from t h e  body-axis system t o  
t h e  i n e r t i a l - a x i s  reference system. 
of freedom. 
ences 2 and 3. 

The fo rces  assumed 

This  w a s  done by t h e  computer f o r  s i x  degrees 
The necessary equations and t h e i r  der iva t ions  a r e  given i n  r e f e r -  

3 
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Figure 1.- Photograph of simulator cockpit. L-61-2652 

Figure 3 illustrates the line-of-sight relations between the station and 
ferry. The angle CL lies between the line of sight and the horizontal (XiYi) 
plane; p is the angle between the orbital (XiZi) plane and the line of sight. 
From the figure it can be seen that: 

4 
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Radar Presentation 

The tests were based on data from an early airborne tracking radar system. 
The system was assumed to have a root-mean-square tracking error of 2.7 milli- 
radians and an autocorrelation function given by 

A comparison of radar noise and the noise-generator output showing the actual 
value of noise corresponding to the angle-tracking noise, and the noise level 
after differentiation, is given in the appendix. 

Noise Generator 

The radar noise was simulated by a one-channel random-noise generator, fil- 
tered to give an autocorrelation of 

= Ke-2.50t milliradians2 ( 5 )  
where K 
analog computer. 

is a constant which was determined by a potentiometer setting in the 

Although the angle-tracking noise should appear in a and p, the 2.7- 
milliradian error was not impressed on the line-of-sight angle display because a 
resolution of only about 5 milliradians was required for the rendezvous. 
largest error occurred in the more critical an,mlar-rate presentation. 
mine the angular rates & and 8, both line-of-sight angle and noise corre- 
sponding to the radar angle-tracking output were fed into an approximate differ- 
entiation circuit. The output was the angular rates and their corresponding 
noise overlays. This output was then 
fed into a low-pass filter and out of 
the filter to the instrument display. 

The 
To deter- 

With the angle-tracking error 
assumed, the rate signal obtained would 
have had noise peaks much greater than 
the maximum range of the rate meter. 
Therefore, rather heavy filtering of 
this signal was required to make it 
usable. The exact filtering time con- 
stant required is a subject for futher 
investigation, but is beyond the scope 
of this study. For this study a 5- 
second filter time constant was chosen 
to smooth the noise peaks and to pre- 
vent self-oscillation of the analog 
circuit. 
occasional noise peaks could deflect 
the b and 8 needles full scale at 
maximum sensitivity. 

With this level of filtering, 

Figure 2.- Cockpit 
L-60-4266.1 
instruments. 

5 



TESTS 

The pilot-controlled simulator used in the present radar-noise study was 
placed in a closed-loop system linked through an analog computer. 
ditions were fed to the cockpit instruments from the computer. 
placement and attitude corrections were then fed back to the computer, which 

Initial con- 
The pilot's dis- 

F e r r y  vehicle 

Figure 3.- Line-of-sight and Euler angle r e l a t i o n s  between f e r r y  vehicle  and space s t a t i o n .  

solved the equations of motion and fed the new data back to the instruments, com- 
pleting the system loop. The data required by the pilot were range and range 
rate, line-of-sight angles and rates, and attitude of the controlled vehicle. 
The ferry vehicle was assumed to have a pair of right-left transverse rockets and 
a pair of fore-and-aft longitudinal rockets for main thrusting, and smaller 
variable-thrust attitude rockets. 
pushbuttons which operated the main rockets in an on-off manner. 
and a two-axis side-arm controller were used in a rate-command attitude-control 
system with a 4-second time constant and maximum acceleration of 0.05 radian/sec*. 

Translational control was provided by four 
Rudder treadles 



The maximum i n i t i a l  conditions inves t iga ted  were: range, 50 miles; range 
r a t e ,  1,000 f t  /see; l ine-of -s ight  angles,  245'; l ine-of -s ipbt  angle r a t e s ,  
kl5 mil l i rad ians /sec .  Fxcept f o r  t he  noise-induced e r r o r s  i n  t he  & and 
presentat ion,  a l l  instrumentation was considered per fec t .  No t h r u s t  misalinement 
w a s  assumed. 

z 

The simulations were flown by th ree  p i l o t s ,  two NASA t e s t  p i l o t s  and a 
research engineer who w a s  formerly a m i l i t a r y  p i l o t .  
w a s  made with no noise i n  the  instrument display.  After  the p i l o t s  had become 
p r o f i c i e n t  i n  the  rendezvous technique, noise was introduced i n t o  the  d isp lay  f o r  
the  second s e r i e s  of t e s t s .  

The f i r s t  s e r i e s  of t e s t s  

S t a r t i n g  from any p a r t i c u l a r  s e t  of i n i t i a l  conditions,  t he  p i l o t  w a s  t o  
achieve an in t e rcep t ,  o r  c o l l i s i o n ,  course as soon as poss ib le ,  and hold t h e  
course while reducing range and range r a t e  t o  zero. The only conditions necessary 
t o  f i x  the  course a r e :  

R i s  negative & = O  p = o  

L i t t l e  excess f u e l  i s  used i f  the  p i l o t  e s t ab l i shes  the  i n i t i a l  c o l l i s i o n  course 
quickly and accurately.  

I n  order for t he  p i l o t  t o  s e t  t h e  i n i t i a l  in te rcept ion  course i n  the  present  
t e s t s ,  it w a s  necessary f o r  him t o  determine t h e  t r u e  l ine-of -s ight  r a t e s  by func- 
t i o n i n g  i n  a manner analogous t o  an in t eg ra to r .  He had t o  sum a l l  t he  impulses 
of t h e  i n d i c a t o r  mentally and take t h e i r  mean t o  obtain t h e  t r u e  value. One 
u n r e a l i s t i c  condi t ion encountered i n  t h e  simulation w a s  t he  s ing le  channel of 
noise ,  wGich caused t h e  noise def lec t ion  of t h e  &, needle t o  be t h e  same as t h a t  
of t h e  p needle and made it somewhat e a s i e r  t o  f i n d  t h e  mean of both simultane- 
ously. However, t h e  design of t he  meter ( f i g .  2) increased t h e  d i f f i c u l t y  some- 
what by forc ing  the  p i l o t  t o  observe & sweeping v e r t i c a l l y  and sweeping 
hor izonta l ly  . 

RESULTS AND DISCUSSION 

The t e s t s  show t h a t  an experienced p i l o t  could successfu l ly  complete the  
te rmina l  phase of space rendezvous i n  t h e  presence of t he  f i l t e r e d  radar  noise  
t h a t  w a s  simulated i n  t h i s  inves t iga t ion ,  but only with a s a c r i f i c e  of time and 
f u e l .  The a d d i t i o n a l  d i f f i c u l t y ,  and t h e r e f o r e  t h e  ex t r a  f u e l  required,  w a s  
apparent ly  constant f o r  any p a r t i c u l a r  root-mean-square noise  l e v e l ,  although 
t o t a l  f u e l  consumption var ied  with i n i t i a l  conditions.  The f a c t o r  t h a t  influenced 
t h e  p i l o t ' s  a b i l i t y  t o  cont ro l  t h e  maneuver accura te ly  during the  ea r ly  phases of 
t he  rendezvms w a s  t he  noise  amplitude; t h e  g rea t e r  t he  amplitude, t h e  l a r g e r  t h e  
uncer ta in ty  of t he  mean instrument reading. Not only w a s  t h e  maneuver more d i f f i -  
c u l t  with noise ,  but p i l o t s  tended t o  be l e s s  p o s i t i v e  t h a t  they were making t h e  
proper cor rec t ion .  This has been v e r i f i e d  i n  t e s t s  with a f ighter-plane f i r e -  
cont ro l  system ( r e f .  4 ) .  
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A comparison of noise and no-noise runs i s  made i n  the  analog recording 
shown i n  f igure 4. The indeterminancy of t he  t racking s igna l  caused by the  addi- 
t i o n  of t he  noise i s  readi ly  apparent. 
f igure  4 gives the  product of accelerat ion and t i m e ,  or t h e  charac te r i s t ic  veloc- 
i t y  f o r  t h e  maneuver, and shows t h a t  t h e  f u e l  consumption increases with the  time 
required t o  perform the  maneuver. For example, a typ ica l  no-noise run had a char- 
a c t e r i s t i c  veloci ty  of 1,411.3 f t / s ec ,  whereas the  same run with noise had a char- 
a c t e r i s t i c  veloci ty  of 2,025.4 f t / s ec ,  resu l t ing  i n  a 43. ?-percent increase i n  
thrus t ing  fue l .  
would boost t h i s  f igure.  

Integrat ion of t he  force-time curves of 

I n  addition excess a t t i tude-rocket  fuel, which was not recorded, 

10 Y i ,  

A more d i r ec t  way t o  show the increased d i f f i c u l t y  caused by the  radar noise 
would be t o  compare the  distances t rave led  while performing t h e  same t a s k  with 
and without radar-noise background. Figure 5 presents t h i s  comparison f o r  noise 
with a root-mean-square value of 0.52 mill-iradian/sec. Tests with lower noise 
amplitudes produced distance t r a j e c t o r i e s  with closer  agreement, but any percep- 
t i b l e  noise l e v e l  w a s  characterized by some e f f ec t  on the  p i l o t ' s  control.  

Noise  d i s p l a y  i n  i n s t r u m e n t s  

\ 
--\ 

\ 
\ 
.\ __---- \ 

@ @ M e  

//e-- 

\ /. \ 
\ 0 

0 - 

Since the  l ine-of-sight angle r a t e s  a re  inversely proportional t o  the  range, 
a condition which would produce a s m a l l  change i n  & and B a t  t h e  beginning of 
t he  rendezvous would cause a large change a t  close range. The 5-second f i l t e r  
time constant used i n  t h i s  study caused d i f f i cu l ty  during the  f i n a l  closing and 
braking phase by introducing a l ag  between the  change i n  the  r a t e s  and the  display 
on the  instruments. Although a la rger  f i l t e r  time constant would have smoothed 
the  noise peaks more and made the  i n i t i a l  phases of rendezvous eas ie r ,  it would 
a l so  increase the  display l ag  i n  the  f i n a l  phases. The d i f f i c u l t y  presented by 
the  l ag  i s  apparent i n  f igure  4(a) ,  i n  which almost a t h i r d  of t he  mission time 
was required t o  complete the  f i n a l  few miles of closure. This indicates  t h a t  
while higher f i l t e r i n g  i s  desirable  during the  ear ly  phases of rendezvous, a lower 
f i l t e r i n g  l e v e l  i s  necessary during t h e  f i n a l  phases. 

10 20 30 

x i ,  miles  

40 50 

Figure 5.-  Typical rendezvous with and without noise  i n  instrument displays 
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CONCLUDING REMARKS 

A n  investigation has been conducted to determine the effects of radar noise 
on the pilot's ability to complete the terminal phase of space rendezvous. 
presentation of the noise signal on the line-of-sight angular-rate instruments 
was chosen as representative of the most critical source of error. 
accuracy needed in these measurements is greatest, and the entire maneuver depends 
upon the successful use of these rate data. 

The 

The early 

The results showed that the pilot's efficiency decreased with increase in 
noise amplitude. However, he was able to complete the mission in all cases, even 
when the simulated noise w a s  more severe than that to be expected from current 
systems. 

The results indicate that a variation of the filter time constant with range 
would be desirable. A large filter time constant is necessary to smooth the 
noise peaks during the tracking and initial braking phases, while a small time 
constant is necessary at close range to avoid a lag in the data display. 

these limits. 

The 
I 5-second filter time constant used in this study would fall somewhere between 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., December 19, 1962. 
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APPENDIX 

Low-pass 
filter 

J 

EQUATIONS AND CALCULATIONS ~ 

6 with noise 
0 

Figure 6 i s  a block diagram of the  noise-generator c i r cu i t .  I n  order t o  
make the t e s t  conditions a s  r e a l i s t i c  a s  possible,  the noise s ignal  was impressed 
on the  l ine-of-sight angle s igna l  before d i f fe ren t ia t ion .  
t h e  ac tua l  value of noise corresponding t o  the  tracking e r ro r  could be inser ted,  
and the  noise l eve l  a f t e r  passing through the  d i f f e ren t i a t ing  c i r c u i t  was the  

With t h i s  procedure 

p with noise 
Low- p a s s 

f i l t e r  0 

P a input 

I 

7 Potentiometer 

Random-noi se 
generator 

Figure 6.- Block diagram of radar noise simulator. 

value which could be expected from di f fe ren t ia t ion  i n  a radar system. 
f o r  t he  study t o  be meaningful it was necessary t o  determine the  angle-rate e r ro r  
obtained as a function of the  angle e r r o r  d i f fe ren t ia ted .  
by an ana ly t i ca l  comparison of e r ro r  outputs. 

However, 

This w a s  accomplished 

Power Spectral  Densities 

Figure 7(a) shows the  power-spectral-density curve of t he  noise as it came 

u2, t h e  mean-square value of 
A f t e r  passing through a low-pass f i l t e r  with a time constant 

from the  random-noise generator. 
drops off sharply. 
t he  noise signal.  
the  noise has a power spec t ra l  density given by 

The output i s  constant t o  about 30 cps and then 
The area A under the  curve i s  

T 

volts2 
1 @a = 

1 + T*U2 
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Figure 7 . -  Power curves of no i se  c i r c u i t .  
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The new function has the  curve shown i n  f igure  7 (b ) .  The i n i t i a l  value of @ 
was assumed t o  be unity;  t h a t  i s  not exactly t rue ,  but since only t h e  r a t i o s  of 
the  areas are involved i n  the  calculat ions,  no e r ro r  i s  introduced by t h i s  
assumption. The area B under the  curve i s  t h e  mean-square value of a or p. 
After d i f fe ren t ia t ion  with respect t o  time, equation (6 )  becomes 

vol ts2 u? 0. = 
1 - b  T2U? 

(7)  

and the  corresponding curve i s  shown i n  f igure 7 (c ) .  
t i a t o r  w a s  then passed through a low-pass f i l t e r  with t i m e  constant ~2 t o  smooth 
the  d i f fe ren t ia ted  signal.  The output s igna l  from the  low-pass f i l t e r  i s  given by 

The output of the  differen- 

The area C under the  resu l t ing  curve ( f i g .  7 (d ) )  i's the  mean-square value of 
The ac tua l  root-mean-square values of a and & can be found by r e l a t ing  
areas B and C .  

&. 

Equations fo r  Areas 

The areas  can be determined by employing the  Cauchy residue theorem, which 
s t a t e s  t h a t  t he  i n t e g r a l  of a function over a contour containing within it only 
i so l a t ed  singular points  of t h e  function i s  equal t c  2ni times the  sum of the  
residue of these points .  

For area B: 

Let 

Then 

s = i w  d s = i W  dw = -i ds 

If s = -l/~, the  residue i s  



1 The value of the i n t e g r a l  is 2n -. 
27 

For area C:  

Let s = ico; then 

2 
- S  - - 

T22T22($ + S)($ - S) (L T2 - S) 

S = - 1 / T 2  

The value of t h e  in t eg ra l  i s  2nK. 
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Numerical Evaluation 

I Area B: For t h i s  area,  T = 0.4 second. Therefore 

1.. 

Since the  a and p meters were scaled t o  2 degrees/volt, 

ua = 3.290 = 57.3 mil l i radians 

Area C: For t h i s  area, ~2 = 5.0 seconds. Thus 

csk2 = C = 25r(0.0303 - 0.0403) = 0.291 volts2/sec2 

vo l t  s2/sec2 

volts2 
The r a t i o  of C t o  B i s  . Then 

0.291 - 57.3 = (0.193)(57.3) = 11.05 mill iradians/sec 

The & and meter w a s  arranged f o r  a fu l l - sca le  reading of 
1.3 mill iradians/sec i n  order t o  a i d  t h e  p i l o t  i n  following a co l l i s ion  course 
closely.  The simulated root-mean-square e r ro r  s igna l  i n  a of 2.7 mil l i radians 
therefore  gave a root-mean-square error s igna l  i n  & of 
(0.193)(2.7) = 0.52 milliradian/sec.  
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